Background: The aim of this multicenter study was to evaluate the safety and efficacy of tolvaptan (TLV) in Korean patients with the syndrome of inappropriate secretion of antidiuretic hormone (SIADH). Methods: Of 51 enrolled patients with SIADH, 39 patients (16 female patients, aged 70.8 ± 11.3 years) were included in an intention to treat analysis. All patients received 15 mg/day as the initial dose, and the dose was then increased up to 60 mg/day (as needed) until day 4. Results: Serum sodium increased significantly from baseline during the first 24 hours (126.8 ± 4.3 vs. 133.7 ± 3.8 mmol/L, P < 0.001), rose gradually between days 1 and 4 (133.7 ± 3.8 vs. 135.6 ± 3.6 mmol/L, P < 0.05), and then plateaued until day 11 (136.7 ± 4.5 mmol/L). The correlation between the change in serum sodium for the first 24 hours and initial serum sodium concentration was significant (r = −0.602, P < 0.001). In severe hyponatremia (< 125 mmol/L), the change was significantly higher (11.1 ± 4.8 mmol/L) than in moderate (6.4 ± 2.5 mmol/L, P < 0.05) or mild hyponatremia (4.3 ± 3.3 mmol/L, P < 0.01). In addition, logistic regression analysis showed that body weight (odds ratio [OR], 0.858; 95% confidence interval [CI], 0.775-0.976; P = 0.020) and body mass index (BMI) (OR, 0.692; 95% CI, 0.500-0.956; P = 0.026) were associated with rapid correction. No serious adverse events were reported, but in 13% of patients hyponatremia was overcorrected. Conclusion: TLV is effective in correcting hyponatremia and well-tolerated in Korean patients with SIADH. However, those with low body weight, low BMI or severe hyponatremia, could be vulnerable to overcorrection with the initial dose of 15 mg TLV.
INTRODUCTION
In Korea and the US, TLV is indicated for patients with hyponatremia due to congestive heart failure or syndrome of inappropriate secretion of antidiuretic hormone (SIADH) when they have a serum sodium concentration of < 125 mmol/L that is symptomatic and resistant to fluid restriction. However, recent guidelines from the US and Europe for the treatment of patients with hyponatremia have differing opinions on the usage of vaptans, including TLV. 11, 12 The European guidelines consider the rapid correction of serum sodium and hepatotoxicity of vaptans as "concerning," and many experts do not recommend the use of vaptans for patients with hyponatremia of any cause, 12 although they are currently indicated for use in the US. 11 These conflicting trial results, expert opinions and guidelines are potentially confusing for physicians considering the use of TLV, and, in addition, there are insufficient data on the use of vaptans in patients with euvolemic or hypervolemic hyponatremia in Korea. Therefore, the aim of this study was to evaluate the short-term efficacy and safety of TLV in Korean patients with hyponatremia caused by SIADH, and to identify any factors influencing the change in serum sodium concentration during the first 24 hours after administration of 15 mg TLV; we also wanted to determine whether Korean patients respond to TLV differently from patients of other nationalities.
METHODS
This study was a prospective, multicenter, phase IV, open-label, safety and efficacy trial of TLV. Patients were recruited from eight general hospitals in Korea between June 1, 2013 and December 31, 2014.
Patients
Eligible patients with SIADH were 20 years of age or older and had chronic, euvolemic hyponatremia (defined as serum sodium concentration < 135 mmol/L) without acute or chronic neurological symptoms, such as seizure, stupor or coma, and urine osmolality was inappropriately high (> 100 mOsm/L). Mild hyponatremia was defined as a serum sodium concentration between 130 and 134 mmol/L, moderate hyponatremia was between 129 and 125 mmol/L, and severe hyponatremia was less than 125 mmol/L. Ineligible diseases and conditions included: 1) hypovolemic hyponatremia, psychogenic polydipsia, head trauma, postoperative conditions, uncontrolled hypothyroidism or adrenal insufficiency; 2) cardiac surgery, myocardial infarction, sustained ventricular tachycardia or fibrillation, severe angina, cerebrovascular accident, or stroke during the previous three months; 3) systolic blood pressure (BP) < 90 mmHg, estimated glomerular filtration rate (eGFR) calculated using the modification of diet and renal disease equation (MDRD) of < 60 mL/min/1.73 m 2 ; 4) urinary tract obstruction; 5) uncontrolled diabetes mellitus with a fasting glucose greater than 200 mg/dL; 6) progressive or episodic neurologic disease; 7) severe liver disease with transaminases more than three times the upper limit of normal (ULN); 8) malignancy with life expectancy less than 6 months; 9) patients who received any drugs interacting with CYP3A inhibitors (such as clarithromycin, ketoconazole, itraconazole, nefazodone and telithromycin); 10) pregnant or lactating women; and 11) drug-induced hyponatremia.
Study protocol
The enrolled patients received oral TLV once daily for up to 11 days. TLV was administered in an inpatient setting during 4 days without fluid restriction. All patients received the starting dose of 15 mg; then the dose was increased to 30 mg and then to 60 mg, as necessary, according to a regimen designed to slowly increase serum sodium concentration to 135 mmol/L or higher. If the serum sodium remained below 135 mmol/L and had increased by less than 5 mmol/L in the previous 24 hours, the dose was increased. If it rose above 145 mmol/L or increased by more than 12 mmol/L in 24 hours (or by more than 8 mmol/L during the first 8 hours of therapy), the next dose was either withheld or decreased, or the patient's fluid intake was increased. Patients were hospitalized for the first day of the study and discharged by day 4. No further change in dosage was permitted after day 4, and the dosage was maintained until day 11, at which point TLV administration was stopped until day 18. Overcorrection of serum sodium was defined as an increase of serum sodium exceeding 12 mmol/L over 24 hours or 8 mmol/L over 8 hours.
Study assessments
Patients were evaluated at baseline (0), then at 4, 8, and 24 hours after the first dose of TLV, and on days 4, 11, and 18. The primary outcomes were the rate of correction of serum sodium concentration over the first 24 hours of administration of TLV, and the average serum sodium concentrations on days 0, 4, 11 and 18. The secondary outcomes were 1) a comparison of the responses in patients with mild, moderate, and severe hyponatremia and 2) identification of any risk factors for rapid correction of serum sodium.
AEs were defined as overcorrection, or any new medical problems, or deterioration of the underlying medical condition. All AEs, including serious AEs (SAEs), and those potentially related to the administration of TLV, were evaluated to determine the proportion and number of patients reporting AEs.
Statistical analyses
Changes in serum sodium levels from baseline to 4, 8, 24 hours, and days 4, 11, and 18 were analyzed with Wilcoxon signed-rank test using the program IBM SPSS Statistics version 22.0 (IBM SPSS Statistics Inc., Chicago, IL, USA). We used the intention to treat (ITT) method, and therefore included data from patients who dropped out after the initial dosing in the analysis of changes in serum sodium concentration during the first 24 hours of administration of 15 mg TLV because our main focus was to determine the rate of correction of serum sodium concentration within the first 24 hours. Categorical variables were compared using Pearson's χ 2 test. Correlation analysis was performed using Spearman's 
Ethics statement
The current study was undertaken in accordance with the principles outlined in the Declaration of Helsinki. The Institutional Review Board of Hanyang University Guri Hospital (approval No. 2012-01-096) assessed the study protocol and ensured that a written informed consent was obtained from all patients, and the patients permitted that the data could be used in analysis regardless of withdrawal. Because this was an open-label study, patients were informed of potential side effects and AEs that might be caused by TLV, including dry mouth, thirst, polydipsia, pollakiuria, hypernatremia, hepatotoxicity, osmotic demyelination syndrome and etc.
RESULTS

Baseline characteristics
Of the 51 enrolled patients with chronic, euvolemic hyponatremia caused by SIADH, 30 completed both the 11-day treatment and the 7-day follow-up ( Fig. 1) . Two patients were withdrawn during run-in period, and 19 patients dropped out due to protocol violation (n = 6), loss to follow-up (n = 2), withdrawal of consent (n = 7), and AEs (n = 4) (Fig. 1) . The data from 9 patients who dropped out were included in the ITT analysis of the demographic data and changes in serum sodium concentration during the first 24 hours after administration of 15 mg TLV ( Table 1 and Fig. 1 ), because we collected data in these patients for more than 24 hours. Thus, data from 39 patients were analyzed. The mean age of the 39 patients included in the analysis was 70.8 ± 11.3 years, and 23 (59%) were male. Mean aspartate aminotransferase (AST; 22.9 ± 8.1 IU/L) and alanine aminotransferase (ALT; 19.3 ± 13.8) were within three-times ULN, Completed -day study period (n = )
The efficacy and safety analysis (n = ) and the mean creatinine level was 0.66 ± 0.22 mg/dL ( Table 1) . Other demographic data and baseline clinical features are shown in Table 1 .
From day 4 onwards, twenty-seven patients (69%) received 15 mg of TLV per day, nine patients (23%) received 30 mg of TLV per day, and three patients (8%) received 60 mg of TLV per day.
Serum sodium concentrations
The serum sodium levels of all the patients increased significantly between baseline (126.8 ± 4.3 mmol/L) and 4 hours (129.6 ± 4.4 mmol/L, n = 39, P < 0.001), between 4 and 8 hours (132.7 ± 4.6 mmol/L, n = 39, P < 0.001), and between 8 and 24 hours (133.7 ± 3.8 mmol/L, n = 39, P < 0.05). Between 24 hours and day 4 the increase was more gradual (135.6 ± 3.6 mmol/L, n = 35, P < 0.05), and the level reached was maintained up to day 11 (136.7 ± 4.5 mmol/L, n = 32). At the followup visit on day 18, seven days after discontinuation of TLV, serum sodium levels had decreased to near-baseline levels (128.7 ± 8.8 mmol/L, n = 30, P = 0.342) ( Table 1 and Fig. 2 ). The average increase in serum sodium level during the first 24 hours of administration of TLV was 6.8 ± 4.2 mmol/L, which agrees with the increase recommended by an expert panel and clinical practice guidelines.
11,12
There was an inverse correlation between baseline serum sodium levels and changes in serum sodium levels over the first 24 hours (r = −0.602, P < 0.001 , Fig. 3) ; the lower the initial serum sodium, the greater the increase in serum sodium with treatment with talvaptan. The change in serum sodium concentration during the first 24 hours in patients with severe hyponatremia at baseline (11.1 ± 4.8 mmol/L) was greater than in patients with mild (4.3 ± 3.3 mmol/L, P < 0.01) or moderate (6.4 ± 2.5 mmol/L, P < 0.05) hyponatremia ( Table 2) . In five (55%) patients out of nine with severe hyponatremia (serum Na < 125 mEq/L), the rate of change of serum sodium was more than 1 mmol per hour at 8 hours and 0.5 mmol per hour at 24 hours.
In logistic regression analysis, we compared the patients whose serum sodium levels increased by ≥8 mmol/L in the first 24 hours after administration of TLV (rapid group, n = 18) with those whose serum sodium levels increased by < 8 mmol/L (regular group, n = 21). Body weight (54.0 ± 8.9 kg vs. 60.0 ± 10.3 kg, P = 0.038), body mass index (BMI; 20.9 ± 2.6 vs. 23.1 ± 3.3, P = 0.022) and serum creatinine levels (0.56 ± 0.18 mg/dL vs. 0.73 ± 0.22 mg/dL, P = 0.020) were significantly lower, and eGFR (154.9 ± 61.2 vs. 107.6 ± 29.3, P = 0.007) was significantly greater in the former, but other parameters including age, height, sex, AST, ALT and initial serum sodium levels in baseline characteristics, were not significantly different.
Logistic regression analysis to test the association between the rapid group and baseline characteristics, adjusted for age, sex and initial sodium level, revealed an association with BMI (OR, 0.692; 95% CI, 0.500-0.956; P = 0.026), body weight (OR, 0.858; 95% CI, 0.775-0.976; P = 0.02) and eGFR (OR, 1.030; CI, 1.006-1.054; P = 0.014) ( Table 3) .
AEs
The most common AEs were dry mouth (45%), thirst (26%), pollakiuria (18%) and overcorrection (13%). A total of four patients dropped out due to AEs: three withdrew because of nausea, and one developed severe overcorrection -an increase of 13 mmol/L within 8 hours of the first dose of TLV. However, between baseline and day 11 there were no significant changes in any patients with regard to level of AST (22. 
DISCUSSION
Recent systematic reviews and meta-analyses of randomized controlled trials (RCTs) of TLV for hyponatremia have concluded that TLV is effective, and without SAEs, in patients with euvolemic or hypervolemic hyponatremia. 13- 15 The findings of our study agree with those in other studies to some extent. The results of the present study also correspond with those from an randomized control trial of TLV in Chinese patients with hyponatremia caused by SIADH; changes in average area under the curve (AUC) of serum sodium levels from baseline to day 4 were very similar: 8.1 ± 3.6 mmol/L in the RCT from the Chinese study and 8.1 ± 3.9 mmol/L in the current study ( Table 1) , and SAEs, including hypernatremia (> 145 mmol/L serum sodium), ODS and abnormal liver function, did not occur in both studies ( Table 1) , 6 except for the occurrence of overcorrection of serum sodium over the first 24 hours in 5 patients (13%) in the present study.
The results of the current study are not surprising, as many previous studies have already provided sufficient evidence for the efficacy of TLV; however, this is the first prospectively designed study on Korean patients with hyponatremia caused by SIADH. Despite the previous studies, expert opinions and guidelines for using vaptans to treat hyponatremia still vary 11,12,16 ; some have warned against rapid correction of serum sodium by vaptans in patients with euvolemic hyponatremia. 17- 20 The current finding of overcorrection of serum sodium in 13% of patients seems to indicate appropriateness of such warnings.
Previous studies of TLV have focused on the changes in average AUCs of serum sodium levels on days 1 and 4 rather than on the rate of correction of serum sodium over the first 24 hours. Thus, our aim was to test the short-term efficacy and safety of TLV and to evaluate the rate of correction of serum sodium levels over the first 24 hours of administration of TLV. We also identified the risk factors for overcorrection of serum sodium levels.
The maximal effect of TLV at a dose of 15 mg occurred at 8 hours, as was the case in previous studies, 21,22 and the average rate of increase in serum sodium seemed to be acceptable: 5.9 ± 4.1 mmol/L at 8 hours and 6.8 ± 4.2 mmol/L at 24 hours. However, a subgroup analysis comparing the rate of increase in serum sodium levels in patients with the degree of hyponatremia at baseline revealed that, in patients with severe hyponatremia, the increase in serum sodium levels at 24 hours was 11.1 ± 4.8 mmol/L ( Table 2) , and also the correlation analysis showed lower baseline serum sodium level significantly associated with greater changes of serum sodium level on TLV within the first 24 hours (Fig. 3) . In all 3 groups of patients with hyponatremia, the serum sodium concentrations achieved at hour 24 were similar, greater than 130 mmol/L, but the rate of rise in serum sodium was much greater in those with the low baseline serum sodium than in the other two groups ( Table 2) .
Two small studies have focused on the overcorrection of serum sodium within the first 24 hours of treatment with 15 mg TLV in patients with hypervolemic or euvolemic hyponatremia. 23, 24 Castello et al. 23 investigated the efficacy and safety of two different doses of TLV (7.5 and 15 mg) in patients with hypervolemic and euvolemic hyponatremia and reported that the group receiving TLV 15 mg showed a median increase in serum sodium of 12 mmol/L (range, 6-25 mmol/L) and this correction rate exceeded the values recommended by recent guidelines in 75% of patients, although no ODS was reported. In contrast, the group receiving TLV 7.5 mg dose had a median increase in serum sodium of 6 mmol/L (range, 1-11 mmol/L). Castello et al. 23 also found that in patients with lower starting levels of serum sodium there was a tendency to The greater absolute increase in serum sodium in those with more severe hyponatremia may be explained by the greater effective volume expansion in these patients that would have resulted in greater suppression of proximal salt reabsorption and hence delivery of greater urine flow to the distal nephron where free water is generated. The muted response to vaptans is well known in hypervolemic hyponatremia such as congestive heart failure, in which low effective vascular volume stimulates proximal salt reabsorption with markedly reduced distal urine flow.
25-27
Since the total number of circulating ADH that can be competitively inhibited by TLV must be proportionate to the body mass, the smaller body mass of Korean patients would dictate smaller drug doses. The high incidence of overcorrection with the dose of 15 mg TLV in our study further indicates that the currently recommended starting dosage for TLV is too large to Korean patients with SIADH.
Interestingly, in the SALT-1 study in the western population, 2 using the same starting dose of TLV at 15 mg per day, the authors reported smaller changes in average AUC at day 4 (3.6 ± 2.7 mmol/L) and a larger starting body weight (78 ± 23 kg) than in studies of Asian populations. For example, AUCs at day 4 were 8.1 ± 3.6 mmol/L and 8.1 ± 3.9 mmol/L in the RCT from China and in the current study respectively, and body weight was 57.1 ± 10.0 kg in the current study but body weight data in the RCT from China were not available). 6 Our logistic regression analysis, adjusted by age, sex and initial sodium level, showed that body weight and BMI were inversely associated with the rate of serum sodium correction (Table  3) . However, creatinine and eGFR were significantly different between the regular and rapid group, and even associated with the correction rate in univariate logistic regression analysis. Nevertheless, those were excluded in multivariate logistic regression analysis, because the body frame, such as muscle mass, body weight and BMI, positively associated with creatinine level in patient without chronic kidney disease, and also creatinine levels inversely associated with eGFR in calculation of the MDRD equation. Thus, those were not considered as confounders.
The Ministry of Food and Drug Safety (MFDS, formerly known as the Korea Food & Drug Administration [KFDA]) currently permits the use of a regular dose of 15 mg TLV in patients with severe hyponatremia (serum sodium < 125 mmol/L) caused by SIADH. However, based on the current results, rapid correction or overcorrection of serum sodium levels may develop at this dosage. Therefore, we suggest that a starting dose of TLV 7.5 mg per day be used in the MFDS for Korean patients or patients with other ethnicity that has small body mass in treating hyponatremia caused by SIADH (tablets of 7.5 mg TLV are not currently available in Korea).
The present study has major weaknesses for a small sample size and a short duration, in proving statistical differences, and several other limitations. First, there was a gender imbalance in each subgroup due to the small sample size. Second, we were not able to assess the fluid status and urine electrolytes of patients, because standardization of processes for 9/11 https://jkms.org https://doi.org/10.3346/jkms.2018.33.e112
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measuring urine output and electrolytes in each center was unsatisfactory. As a result, the mechanism of overcorrection of serum sodium cannot be determined in our study. Finally, we were not able to compare a dose of 7.5 mg TLV with 15 mg TLV. Further large-scale studies comparing a daily dose of 7.5 mg TLV with a daily dose of 15 mg TLV are required to establish the most effective and safest starting dose of TLV in Korean patients with hyponatremia caused by SIADH.
The advantage of the current study is that the efficacy and safety of TLV have now been tested in Korean patients with hyponatremia caused by idiopathic SIADH in a prospective, multicenter, single-arm, open-label study. Moreover, in difference from previous studies for TLV, the major strengths of this study are that the correction rate of serum sodium over the first 24 hours following the initial dose of TLV was focused and the risk factors for overcorrection was identified.
In conclusion, TLV is generally effective and well-tolerated, but overcorrection is quite common when the recommended starting dose is used for Korean patients with hyponatremia caused by SIADH. A starting dose of 15 mg TLV daily often results in overcorrection of serum sodium within the first 24 hours in patients with severe hyponatremia (< 125 mmol/L) and particularly in those with small body mass. Therefore, we suggest that a starting dose of a half tablet of 15 mg of TLV be used for Korean patients with SIADH.
